Abstract A new solute carrier gene family, SLC12, was recently described based on the molecular identification of three electroneutral Na-(K)-Cl cotransport proteins. In mammals, these proteins are encoded by three distinct but related genes: SLC12A1, SLC12A2, SLC12A3, which are located on different chromosomes. Although the expression patterns of these three cotransport proteins differ significantly, all of them are expressed in the mammalian kidney and participate in several important aspects of renal function. This review summarizes the information learned from the molecular identification of these cotransporters, evaluates the patterns of expression within the kidney, and discusses the roles that these cotransporters play in renal physiology and pathophysiology.
Introduction
In vertebrates, the composition of the extracellular fluid ('milieu interieur') is very precisely regulated through the filtration-reabsorption function of the kidneys. In man, a daily diet of 100-250 mEq of Na + will result in the daily excretion of an identical amount of the cation. With each individual nephron filtering some 30-50 nl/min, collectively amounting to 180 litre/day, the 2-2.6 million nephrons filter a massive quantity of salt (26000 mEq Na + /day) into the urinary space. It is therefore clear that a tiny fraction of the filtered Na + (^ 1%) is excreted, and the vast majority is reabsorbed. While the major sites of Na + reabsorption within the renal tubule are well characterized by numerous physiological studies involving the use of diuretics (see Figure 1) , it is only recently that the Correspondence and offprint requests to: Steven C. Herbert MD, Renal Division, Brigham and Women's Hospital, 75 Francis Street, Boston, MA 02115, USA. molecular identity of the major players has been revealed. This short review will focus on the molecular identification and role(s) of the Na-(K)-Cl cotransporters in the distal nephron of the mammalian kidney.
The apical Na-Cl cotransporter in the distal tubule Molecular identification
The first member of the Na-(K)-Cl cotransporter family to be identified was the thiazide-sensitive Na-Cl cotransporter, isolated from the epithelial cells of the urinary bladder of the winter flounder (Pseudopleuronectes americanus) [1] . Its mammalian homologue was later isolated from a rat renal cortex cDNA library using the fish cDNA as a probe [2] . Functional expression of these two Na-Cl cotransporters in Xenopus laevis oocytes demonstrated the known characteristics of the cotransporter in the native tissue: sensitivity to thiazide diuretics (metolazone > cyclothiazide > hydrochlorothiazide > chlorothiazide), insensitivity to amiloride, carbonic anhydrase, and loop diuretics, K + independence, lower affinity for Cl~ than for Na + , and a Hill coefficient of unity consistent with a 1:1 stoichiometry and therefore electroneutral transport [ 1, 2] . The fish and mammalian cDNAs encode membrane proteins with 10-12 putative transmembrane domains, a large extracellular loop between transmembranes 7 and 8, and large hydrophilic amino and carboxyl termini that probably reside in the intracellular compartment. The expression pattern of the cotransporter in the rat and in the flounder differs significantly. In the rat, the cotransporter is almost exclusively expressed in the kidney (expression has also been reported in ostebolasts, [3] . In the flounder, two different size transcripts were identified: a 3.7 kb transcript expressed in the bladder encoding a functional Na-Cl cotransporter, and a truncated 3 kb transcript expressed in intestine, gonad, skeletal muscle, eye, and brain, whose function is unknown.
Kidney localization
In situ hybridization showed expression of the Na-Cl cotransporter transcript restricted to the cortex in the 1968 E. Delpire el al.
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Reabsorbed Na within the tubule Fig. 1 . Mechanisms of Na + reabsorption in the renal tubule. In man, 160000 mEq Na + is filtered each day by the glomeruli. Since only 100-250 mEq is excreted, 99.8% of filtered Na + is reabsorbed. Although the proximal tubule reabsorbs most of the filtered Na + , regulated Na + reabsorption occurs through the loop-diuretic-sensitive Na-K-2C1 cotransporter in the MTAL and CTAL, through the thiazidesensitive Na-Cl cotransporter in the DCT, and through the amiloride-sensitive Na + channel in the collecting ducts. Mutations in these Na + transport mechanisms are responsible for disorders with pathophysiology as diverse as hypokalaemic alkalosis with hypomagnesaemia and hypocalciuria (Gitelman's syndrome), hypokalaemic alkalosis with hypercalciuria (Bartter's syndrome) and hypertension (Liddle's syndrome).
mammalian kidney, with a distribution in short tubule segments of the superficial cortex consistent with expression in distal convoluted tubules [2, 4] . The precise localization in the distal tubule was confirmed by the use of a specific antibody raised against the cotransporter [4] . Intense immunostaining was observed on the apical membrane of DCT cells and to a lesser extent in the CNT cells in the early part of the connecting segment. Role of the cotransporter in Na + and Ca 2+ reabsorption After 70% of filtered Na + is reabsorbed in the proximal tubule and 15-25% in the thick ascending limb, the distal tubule reabsorbs another 5-10% of the filtered Na + via the apical thiazide-sensitive NaCl cotransporter (see Figure 1) . Thiazide diuretics, which inhibit Na + reabsorption in the distal tubule, are particularly potent when used in combination with loop diuretics which inhibit Na + reabsorption in the TAL, effecting a nearly complete blockage of Na + reabsorption in the distal nephron. The driving force for Na + reabsorption in the DCT is the Na + /K + pump located on the basolateral membrane of the tubular epithelial cells (Figure 2 performed, the abnormalities of the syndrome can be explained by a loss of Na-Cl cotransporter function as would be seen in chronic thiazide diuretic use.
The apical Na-K-2Cl cotransporter in the thick ascending limb
Molecular identification
Using the cDNA encoding the flounder thiazidesensitive Na-Cl cotransporter to screen a rat kidney cortex cDNA library, Gamba and co-workers [2] isol-ated a 4.6 kb cDNA, rBSCl (or NKCC2), encoding a protein which shares 47% homology with the fish cotransporter. Expression studies performed in Xenopus laevis oocytes demonstrated that rBSCl encoded a bumetanide-sensitive Na-K-Cl cotransporter. Independently, Payne and Forbush [6] isolated homologous cDNAs (NKCC2) from a rabbit kidney cortex and medulla library using a cDNA probe encoding the shark secretory isoform of the cotransporter (NKCC1, see below). Sequence comparison with the thiazide-sensitive Na-Cl cotransporters from flounder and rat indicated that all these proteins belonged to a new family of genes encoding Na-(K)-Cl cotransporters. Hydropathy analyses of the rat and rabbit proteins revealed identical general topology with 10-12 transmembrane domains, a large extracellular loop between segments 7 and 8, and two large intracellular amino and carboxyl termini. Northern analysis revealed that this isoform of the Na-K-2C1 cotransporter was expressed exclusively in the kidney [2, 6] . In rabbit and mouse, this kidney specific protein exists in three alternatively spliced isoforms involving a short 93 bp exon, which encodes part of the second transmembrane domain and part of the connecting loop between segments 2 and 3. Three isoforms containing each of these alternative and distinct cassettes are expressed in the kidney. The functional differences between these variants of the cotransporter are unknown.
Kidney localization
Physiological studies in the mammalian kidney have shown that luminal Na-(K)-Cl cotransport is limited to the medullary (MTAL) and cortical thick ascending limbs (CTAL) [7] [8] [9] . This limited pattern of expression was later confirmed by in situ hybridization in both rat [2] and mouse [10] kidneys. The production of a polyclonal antibody raised against a region of the C-terminus of the rBSCl protein has confirmed that rBSCl expression is confined to the MTAL and CTAL segments and that the rBSCl protein is located on the apical membrane of these epithelial cells [11] . The apical Na-K-2C1 cotransporter is also expressed on the apical membrane of macula densa cells. The potential role of the cotransporter in these specialized cells is discussed below. The expression pattern of the three alternative isoforms of the Na-K-2C1 cotransporter was also determined using specific oligonucleotide probes and in situ hybridization [10] . The most abundant isoform (isoform F) was most highly expressed in the inner stripe of outer medulla, and was absent from the cortical region. In contrast, isoform B was most highly expressed in the renal cortex and isoform A mainly in the outer stripe of the outer medulla. Crosshybridization due to the high degree of homology between these three different exon/cassette makes it difficult to determine the precise pattern of expression of these isoforms and whether or not they are coexpressed within a specific region or a single cell.
Role in salt and fluid reabsorption
The apical Na-K-2C1 cotransporter, BSC1 (or NKCC2), is one of the major proteins involved in salt 1969 and fluid reabsorption in the kidney; 15-25% of filtered Na + is reabsorbed in the thick ascending limb (TAL), most of it through the Na-K-2C1 cotransporter. As indicated in Figure 3 , the apical Na-K-2C1 cotransporter in the TAL constitutes the major entry pathway for Na + into the epithelial cell. The driving force for reabsorption is provided by the Na + /K + pump located on the basolateral membrane. Expression of an ATPsensitive K + channel on the apical membrane and a Cl" conductance on the basolateral membrane allows for: (1) Cl~ movement through the epithelium, (2) recycling of K + on the apical surface, and (3) the generation of a lumen positive potential which drives additional Na + ions through paracellular pathways as well as the paracellular movement of divalent cations such as Mg , and Ca 2 + . The TAL cell provides one of the best models of tight coupling between the different apical and basolateral transporters. Inhibition of the apical K + channel in TAL dissipates the transepithelial potential and also abolishes NaCl absorption via the apical Na-K-2C1 cotransporter. The MTAL Na-K-2C1 cotransporter is also important in ammonium reabsorption since NH 4 + can compete with K + for transport [12] . The Na-K-2C1 cotransporter is inhibited by the loop diuretics, e.g. bumetanide and frusemide, which are particularly potent diuretics because inhibition of this cotransporter alone leads to the dissipation of the medullary osmotic gradient generated by the countercurrent mechanism.
Pathophysiology
Frameshift and non-conservative missense mutations in the BSC1/NKCC2 gene have recently been identified in Bartter's syndrome families [13] . Bartter's patients present a very wide array of clinical and physiological characteristics, among which hypokalaemic alkalosis and hypercalciuria are features similar to those presented by patients treated chronically with loop diuretics. Both hypercalciuria and hypokalaemic alkalosis are thought to result from increased delivery of NaCl lumen blood Fig. 3 . Model of Na + reabsorption in the MTAL. Na + reabsorption in the MTAL (and CTAL) occurs through a frusemide and bumetanide-sensitive apical Na-K-2C1 cotransporter, and through the basolateral Na + /K + pump which provides the driving force for transport. Expression of apical K + and basolateral CT channels generates an electropositive lumen that drives additional Na + ions together with divalent cations through paracellular pathways.
at the distal convoluted tubule and the collecting duct respectively.
The Na-K-2Cl cotransporter, BSC2 isoform
Molecular identification
By screening a shark rectal gland expression library using a panel of monoclonal antibodies raised against the purified Na-K-2C1 cotransporter protein, Xu and co-workers isolated the cDNA encoding the secretory form (NKCC1 or BSC2) of the Na-K-2C1 cotransporter (32 488). Using a different approach which consisted of using degenerate primers to PCR amplify a specific fragment of the secretory isoform, we isolated the mammalian homologue of the shark NK.CC1 protein from a mouse inner medullary collecting duct cell line library (mIMCD-3 cells) [14] . The human homologue was later isolated revealing 92% homology to the mouse clone and 73% homology to the shark clone [15] . In the mouse, the BSC1/NKCC2 and BSC2/NKCC1 genes were localized on two distinct chromosomes (see Table 1 ), demonstrating that the two isoforms were the product of two distinct genes and not alternatively spliced products from the same gene.
Contrary to the kidney specific apical isoform of the Na-K-2C1 cotransporter, BSC1/NKCC2, the basolateral isoform of the cotransporter, BSC2/NKCC1, is expressed in a wide variety of tissues including: brain, eye, thymus, trachea, lung, heart, skeletal muscle, oesophagus, stomach, jejunum, colon, testis [14, 15] . Consistent with this wide distribution, the BSC2/ NKCC1 cotransporter has been shown to fulfil different physiological functions such as participating in Cl ã nd fluid secretion [18, 19] , acid secretion [20] , and in the maintenance and regulation of cell volume [21] . Furthermore, because cell culture induces the expression of this isoform of the cotransporter [22] , it is likely that this isoform has important 'housekeeping' function in cells which divide and proliferate.
Kidney localization
Northern blot analysis has demonstrated expression of the BSC2 cotransporter in the mammalian kidney [14, 15] . Specific localization of this isoform of the E. Delpire el al. cotransporter within the kidney was demonstrated using an antibody produced against the C-terminal portion of the mBSC2 protein [23] . In the cortex, the cotransporter was localized to granular cells and neighbouring vascular smooth muscle cells of the afferent arteriole, glomerular, and extraglomerular mesangium. The pattern of expression of the BSC2 cotransporter in the collecting duct is different between the mouse and the rat. In the mouse, the cotransporter is expressed in the terminal two-thirds of the inner medulla along the basolateral membrane of the collecting duct epithelial cells [23] . Expression of the BSC2 cotransporter was also observed along the basolateral membrane of the papillary surface epithelium. In contrast to the mouse, no immunostaining was observed in the rat inner medulla, but the cotransporter was shown to be expressed in the rat outer medulla, on the basolateral membrane of type A intercalated cells [24] .
Function of the BSC2 cotransporter in the mammalian kidney
Since the Na-K-2C1 cotransporter, BSC2, is expressed in structures as diverse as the afferent arteriole of the glomerulus, the mesangium, the inner medullary collecting duct (in the mouse), and the intercalated cells (in the rat), this cotransporter must participate in multiple physiological functions in the mammalian kidney.
Because of its expression in renin-producing vascular smooth-muscle cells of the afferent arteriole, and in the extraglomerular mesangium, the cotransporter was hypothesized to be involved in tubuloglomerular feedback (TGF) and/or renin release [23] . Indeed, both TGF and renin release respond to the luminal Cl" concentration at the cortical thick ascending limb (cTAL). For example, an increased delivery of fluid (and NaCl) out of the proximal tubule into the cortical thick ascending limb results in a frusemide-inhibitable decrease in the filtration rate of the same nephron [25] . Thus, BSC2 at the juxtaglomerular apparatus and BSC1 on the apical membrane of the macula densa could participate in Cl~ sensing, and may explain the potency of the loop diuretics which not only affect Table 1 . Origin and chromosomal localization of the different members of the Na-(K)-Cl cotransporter family. *The mouse and human BSC2 cDNAs were isolated from an inner medullary collecting duct (mIMCD-3) cell line and a colonic (T84) cell line respectively. Sequence obtained from overlapping PCR fragments
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Mouse chromosome 2 18 n.d. The Na-( K)-C1 cotransporters in the kidney Na + reabsorption in the TAL but may also affect the Cl~ -sensing mechanism between the macula densa and the afferent arteriole, in order to avoid a change in filtration rate.
In the mouse, the BSC2 Na-K-2C1 cotransporter is expressed in the terminal portion of the mouse inner medulla, on the basolateral membrane of the collecting duct epithelial cells. In this segment, the cotransporter may participate in several important functions: (1) Na + and/or K + secretion, (2) acid secretion, and (3) cell volume regulation. Although the IMCD segment is generally believed to mediate Na + reabsorption through apical Na + channels and basolateral Na + /K + pumps [26] , it has also been reported that atrial natriuretic peptide (ANP) stimulates NaCl secretion via a frusemide-inhibitable Na-K-2C1 cotransporter [27] . These results are consistent with the upregulation of the mIMCD-3 cell Na-K-2C1 cotransporter expression by ANP [28] , a hormone otherwise known to downregulate the expression of the Na + channel and the Na + /K + pump [29, 30] . Thus, IMCD cells, under the proper hormonal signals, may switch from a Na + absorption mode to a Na + secretory mode by regulating the expression and/or activity of apical and basolateral transport mechanisms (see Figure 4) . The Na-K-2C1 cotransporter on the basolateral IMCD cell surface could also play a role in K + secretion which has been demonstrated in physiological transport studies. Another possible role for the cotransporter in the terminal IMCD relates to acid secretion. The papillary interstitium is known to contain high amounts of ammonium [32] , and both NH 4 + and H + secretion have been demonstrated in isolated rat IMCD [33, 34] . Since the NH 4 + cation can compete with the K + 1971 binding site on the cotransporter [12] , it is possible, though not yet proven, that the Na-K-2C1 cotransporter in the IMCD may participate in H + / N H 4 + secretion. A role for the basolateral Na-K-2C1 cotransporter in acid secretion is of particular interest in light of the recent findings demonstrating a primary role for the basolateral Na-K-2C1 cotransporter in acid secretion in the stomach [20] . Finally, the volume sensitivity of the BSC2 (NKCC1) isoform has been demonstrated in a wide variety of cells [21] and may be of great significance in the terminal IMCD where there are wide physiological variations in osmolarity.
As mentioned above, the expression of the BSC2 cotransporter in the rat collecting duct differs significantly from the pattern of expression in the mouse [24] . The cotransporter is highly expressed in A-type intercalated cells of the OMCD and to a lesser extent of the CCD. In these cells, the cotransporter localizes to the basolateral membrane while the vacuolar H + -ATPase localizes to the apical membrane. Since the primary function of these cells is acid regulation, one could again propose a role for the cotransporter in acid secretion. Differences of BSC2 expression in mouse and rat collecting ducts could be related to differences in the location of the major site of acid secretion in these two species, i.e. OMCD in the rat and IMCD in the mouse.
The Na-(K)-Cl cotransporter family
The primary structure of the proteins encoded by the three genes of the Na-(K)-Cl cotransporter family has been analysed in a variety of species. Figure 5 depicts the homology (at the amino acid level) between these IMCD Salt secretion Acid secretion Fig. 4 . Models of Na + reabsorption/secretion and acid secretion in the mouse IMCD. (A) In the presence of aldosterone, the mechanisms for Na + reabsorption are up-regulated while the cotransporter is down-regulated [28] , In contrast, through downregulation of the mechanisms responsible for Na + reabsorption and up-regulation of the basolateral Na-K-2C1 cotransporter, atrial natriuretic peptide (ANP) activates Na + (and K + ) secretion in the IMCD. (B) Expression of the Na-K-2C1 cotransporter on the basolateral membrane may also facilitate the entry of ammonium ions into the IMCD cells. After dissociation into H + and NH 3 , the proton may be secreted through an apical H + /K + -ATPase [31] and ammonia may enter the lumen by diffusion. different proteins. It is of interest to note that the genetic distance between the mouse BSC1 and BSC2 is much larger than the distance between shark and mouse BSC2, suggesting that the two genes diverged much before vertebrate evolution. Also note that the invertebrate sequences fall outside any specific subgroup of transporters, most probably indicative of the large evolutionary distance between the invertebrates and the vertebrates rather than the existence of farther related gene products. As indicated in Figure 6 , where the degree of identity is indicated for each protein pair, the insect protein has a 36-41% amino acid identity with the other members of the family, with a slightly higher overall homology with the BSC1 protein. It is also of interest to note that the degree of homology between the BSC2s and the TSC is lower than the one between the BSCls and the TSCs. Homology between these proteins is the highest in the transmembrane domains, with segments 1, 3, and 10 showing the highest degree of conservation (80-90%, see Table 2 ). It is also of interest to note that an evolutionary pressure seems to exist to better conserve the internal connecting loops as opposed to the external ones. Finally, no homology is observed in the amino terminus of the Na-(K)-Cl cotransport protein, while the carboxyl terminal tail of the protein is well conserved, with numerous regions of very high homology. The latter suggests potential roles for the carboxyl terminus Table 2 . Amino acid homology within the different domains of the Na-(K)-Cl cotransport proteins. Highest homoloy exists in the tramsmembrane segments, particularly in SI, S3 and S10. A higher level of homology can be seen in putative intracellular connecting loops as compared to the extracellular loops (e). The first number indicates amino acid identity, the second number indicates amino acid homology considering conserved substitutions. *The intracellular amino terminus shows no homology with the exception of a small 30 residue fragment which has about 50% homology. ®The entire carboxyl tail of the protein shows relatively high homology but is constituted of heterogenous regions, some with very high and others with very low degrees of homology The Na-(K)-Cl cotransporters in the kidney in ion transport, transporter targeting, transporter regulation, or some other processes important to the function of the cotransporters. In summary, three related genes have been identified expressing Na-(K)-Cl cotransport proteins. All of them are expressed in the mammalian kidney and participate in important functions related to ion and fluid homeostasis. Identification of these proteins at the molecular level has allowed a more precise localization of these proteins within the renal tubule, which should facilitate the understanding of their specific functions and their relationships with other transport mechanism. Comparison of the three gene products in functional studies involving chimeric constructs and amino acid mutations should allow the identification of specific regions and residues of the proteins important in ion transport and in the binding of inhibitors, and a better understanding of how a dysfunctional protein may affect the general physiology of the segment in which it is expressed.
